This study was aimed at investigating the kinetic modelling of the treatment of nickel(II) ions in electroplating effluent by an activated carbon prepared from Anas platyrhyncha egg shell. The following process variables were chosen for optimizing the batch operation: Ni(II) ion conc. in effluent (10-50 mg/ᐉ), pH (4-8), adsorbent dosage (0.3-0.9 g), temperature (30-70 o C). A five-level, four-variable central composite design was used to evaluate the effects of these parameters on the adsorption of Ni(II) ions onto Anas platyrhyncha egg shell. The optimization process demonstrated significant interaction between the process variables studied. Adsorption kinetic data were tested using the pseudo-first-order, pseudo-second-order and intra-particle diffusion models. Kinetic studies revealed that the adsorption process was best described by the pseudo-second-order reaction model. Reichenberg plots were used to calculate the rate-controlling parameters and the effective diffusion coefficient. Adsorption occurs via particle diffusion at low concentrations, while film diffusion becomes the rate-determining step at higher concentrations.
INTRODUCTION
The presence of nickel ions in the environment is detrimental to living species. The World Health Organization (WHO) has recommended a maximum acceptable concentration of Ni(II) ions in drinking water of 0.05 mg/ᐉ per kg of body weight per day while the inhalation level should not exceed 3.5 × 10 -6 mg/m 3 (Dee Snell et al. 1967 ). Significant quantities of Ni(II) ions are released into water resources from several industries such as paper and pulp, fertilizer, silverrefining, pigments and coatings, basic steel work foundry, and automobile and petroleum refining (Sheng et al. 2004) . Nickel(II) ions can also induce carcinogenic effects. Thus, in its ionic form, nickel can cross the cell membrane and be deposited in the nucleus. It might therefore be both an initiator and a promoter of cancer (Smith-Sivertsen et al. 1997) . Many methods such as chemical precipitation (Remoudaki et al. 2003) , ion-exchange (Rao et al. 2002) , reverse osmosis, electrodialysis (Hasar 2003) , membrane separation (Yan and Viraraghavan 2001) and adsorption (Malkoc and Nuhoglu 2005) are available for the removal of Ni(II) ions present in industrial effluents. Each such method has its own merits and demerits in application. The selection of a given treatment method is generally based on the concentration of metal ions in the wastewater stream and the cost of the treatment (Yavuz et al. 2003) . Currently, chemical precipitation is the most widely used technique. However, the particular exasperating aspects of this method are significant sludge production, the ever-increasing cost of landfill for its disposal and, most importantly, the long-term environmental consequences. These aspects have resulted in an overall cost escalation of the process (Ouki and Neufeld 1997) . Ion exchange, reverse osmosis and electrodialysis have both material and operational costs (Remoudaki et al. 2003; Hasar 2003) .
Of these various techniques, adsorption is one of the most common methods employed due to its high efficiency and easy operation (La Grega et al. 1994) . In recent years, a number of adsorbents such as iron-coated sand, iron-coated granular activated carbon (Goyal et al. 1999), modified chitin (Benguella and Benaissa 2002) , montmorillonite (Miao et al. 2009 ), fly ash (Calace et al. 2002) , low-grade bituminous coal (Cullen and Siviour 1982) , wool carbonizing waste (Farag et al. 1981) , rice husk (Abduli and Safari 2002), kaolinite (Yavuz et al. 2003) , zeolite (Al-Haj Ali and El-Bishtawi 1997), paper mill sludge (Calace et al. 2002) , bagasse (Anoopkrishna and Aniruthan 2002), bone char (Cheung et al. 2001) , kaolinite (Bhattacharyya and Susmita 2009), lignite (Eligwe et al. 1999 ) and lignite-based carbons (Samra 2000) have been used in the removal of heavy metal ions from effluents.
In the present work, Anas platyrhyncha egg shell has been employed for the preparation of activated carbon and its applicability in the removal of Ni(II) ions present in wastewater has been studied. The effects of pH, temperature, initial Ni(II) ion concentration and adsorbent dosage on the percentage removal of Ni(II) ions using pre-treated Anas platyrhyncha egg shell as the adsorbent material has been investigated. The adsorption of Ni(II) ions was optimized using Response Surface Methodology (RSM) and Central Composite Design (CCD) (Cochran and Cox 1957) . Furthermore, the kinetic and diffusion parameters were evaluated in order to determine the efficiency of the adsorbent during the adsorption process.
EXPERIMENTAL
The egg shell was washed with 1 ᐉ of de-ionized water and rinsed with 200 mᐉ of 1% aqueous HCl solution. Following such treatment, it was then dried at 30 ºC for 24 h. The dried egg shell was mixed with phosphoric acid at a weight ratio of 1:3 and soaked for 48 h. The mixture was drained and dried at 108 ºC for 1 h. The dried egg samples were carbonized in a muffle furnace for 1 h at 400 ºC. The resulting carbons were washed repeatedly with distilled water to recover the acid and then with 1% NaHCO 3 solution to remove the residual acid. The final prepared egg shell was dried for 2 h at 30 ºC, powdered and sieved. The powered material of 50-100 mesh size (150 µm particle size) was considered suitable for adsorption studies. All chemicals were of A.R. grade. The results of proximate analysis of the raw material and the properties of the activated carbon are listed in Table 1 . The adsorbent obtained is termed below as "Activated Carbon prepared from Anas platyrhyncha Egg Shell" (ACAES).
Batch experiments were carried out at 30 o C on a rotary shaker at 200 rpm using capped 250 mᐉ Erlenmeyer flasks for various contact times. Studies of the adsorption of the Ni(II) ion-containing effluent onto different amounts of ACAES were conducted employing 10, 20, 30, 40 and 50 mg/ᐉ concentrations of Ni(II) ion effluent with 0.30, 0.45, 0.60, 0.75 and 0.90 g ACAES. Experiments were carried out at different pH values by adjusting the Ni(II) ion effluent solutions through the addition of NaOH or H 2 SO 4 solutions and checking the final pH with an Intech model IN-112 digital pH meter. The contact time was varied from 30 min to 300 min. At the end of the contact period, the reaction mixture was centrifuged at 7000 rpm for 20 min. The concentration of Ni(II) ions in the supernatant was analyzed using a UV-vis spectrophotometer (Thermo Fisher model UV2700) at 540 nm (Jeffrey et al 1989) . The percentage removal of Ni(II) ions was calculated from the difference between the concentration of Ni(II) ions before and after adsorption:
(1)
The amount of Ni(II) ions adsorbed onto the ACAES surface was computed using the following equation:
( 2) where q e is the equilibrium adsorption capacity of the adsorbent [mg Ni(II) ion adsorbed/g ACAES], C 0 , C f and C e represent the initial, final and equilibrium concentration of Ni(II) ions (mg/ᐉ), V is the volume of effluent employed (mᐉ) and M is the mass of ACAES employed (g). Activated carbons with and without the addition of Ni(II) ions were examined by SEM methods using a Philips XL30 scanning electron microscope and EDAX to study the presence of Ni(II) ions in the samples. This was indicated by differences in the shiny nature of the particles adhering to the surfaces of the carbon particles. Back-scattered electron-imaging, quantitative X-ray analysis and X-ray mapping were performed to study the nature of the adsorption process and to confirm the presence of Ni(II) ions in ACAES. The EDAX analysis of the sample after the adsorption process is shown in Figure 1 .
CCD analysis of an adsorption process implies prior knowledge of the upper and lower limits of the parameters and an awareness of the adsorption process and the factors influencing it. The initial Ni(II) ion concentration in the effluent (10-50 mg/ᐉ), the pH value (4-8), the ACAES dosage (0.3-0.9 g) and the temperature (30-70 o C) were considered as variables in the following treatment. The lowest and highest levels of variables are listed in Table 2. A 2 4 factorial CCD was designed with eight star points and six replicates at the centre points leading to 30 runs (Box et al. 1978; Draper and Smith 1981) .The variables were coded according to the following equation: where x i is the dimensionless value of an independent variable, X i is the real value of an independent variable, X 0 is the value of X i at the centre point and ∆X is the step change. A second-order polynomial model was used to fit the quadratic, resulting in the equation:
where Y is the measured response [i.e. the amount of Ni(II) ions adsorbed, in mg/ᐉ in this study), x 1 , x 2 , x 3 , x 4 are the coded independent input variables, β 0 is the intercept term, β 2 , β 3 , β 4 are the linear coefficients showing the linear effects, β 5, β 6, β 7, β 8 are the quadratic coefficients showing the squared effects and β 9 , β 10 , β 11 , β 12 , β 13 , β 14 are the cross-product coefficients showing the interaction effects. The optimum initial Ni(II) ion concentration, the pH, the adsorbent dosage and the temperature were obtained by solving the regression equation. The goodness-of-fit of the model was evaluated via the correlation coefficient, R 2 , and the analysis of variance (ANOVA). The adsorption kinetics describe the adsorption rate of Ni(II) ions onto ACAES. For the fullscale batch process, the kinetics of Ni(II) ion adsorption are required for selecting the optimum operating conditions. Studies of the adsorption rate showed that the amount adsorbed increased with increasing initial Ni(II) ion concentration. The sorption kinetics data were analyzed using the pseudo-first-order and pseudo-second-order kinetic models (Cheung et al. 2001) .
RESULTS AND DISCUSSION
The effects of four variables on Ni(II) ion adsorption were studied, with the constituents of the medium being optimized for Ni(II) ion treatment. Figure 2 shows the Central Composite Design with four independent variables for optimization and measured responses. Thirty experiments were performed in triplicate. The results obtained were submitted to analysis of variance on SAS package, and the regression model was obtained as: Y = 14.83 -16.67x 1 + 0.182x 2 -0.016x 3 -0.581x 4 -46.94x 2 1 -0.0153x 2 2 -46.94x 2 3 -0.015x 2 4 + 0.028x 1 x 2 + 1.379x 1 x 3 + 0.015x 1 x 4 + 1.794x 2 x 3 + 0.102x 2 x 4 + 0.676x 3 x 4 (5) where Y is the response value, i.e. the adsorption percentage, and x 1 , x 2 , x 3 , x 4 are the coded levels of the independent input variables, i.e. the initial Ni(II) ion concentration, pH, ACAES dosage and temperature, respectively.
The prediction of new observations and estimation of the mean response revealed significant interaction between the variables x 1 and x 2 , x 1 and x 4 , and x 2 and x 3 . Hence, the initial concentration of Ni(II) ions in the effluent, the pH and treatment temperature play a significant role in deciding the concentration of Ni(II) ions adsorbed during the adsorption process. Furthermore, a sufficient amount of interaction occurred between the ACAES dosage and the pH of the effluent. Interactions between the pH and the temperature, and between the initial concentration of Ni(II) ions and the adsorbent dosage, were of the least significance. The pH value at which the effluent was maintained during the adsorption process had a strong positive linear effect on the response. The model predicted an optimum adsorption percentage of 68.50%, corresponding to an experimental adsorption percentage of 70.5% for an initial Ni(II) ion concentration of 30 mg/ᐉ, effluent pH of 6, ACAES dosage of 0.6 g/150 mᐉ and a temperature of 30 o C. These optimum values were obtained by solving regression equation (3). Subsequent experiments employing the optimized conditions yielded results which were consistent with the prediction. The results of the second-order response surface model in the analysis of variance (ANOVA) form conforms to Fisher's F-test [F (12;17) = S 2 m /S 2 s = 31.457 > F t(12;17) = 3.46), with a very low probability value indicating the high significance of the model. The goodness-of-fit of the model was assessed in terms of the correlation coefficient (R 2 = 0.9782), which implies that a sample variation of more than 97.82% could be attributed to the variables and that only 2.18% of the total variance could not be explained by the model. The high value of the correlation coefficient (R 2 = 0.9569) shows excellent correlation between the independent variables. A satisfactory value was also obtained for the adjusted determination coefficient (Adj R 2 = 0.9265), again confirming the significance of the model. The residuals were plotted against the predicted Y as shown in Figure 3 . The approximate horizontal distribution of the data points indicates no abnormality, i.e. no unusual behaviour, thereby confirming the adequacy of the regression model (Draper and Smith 1981) .
The kinetic data were examined employing the pseudo-first-order model of Lagergren (1898):
Integrating this equation between the limits 0 to t and from q = 0 to q = q t , leads to:
where q t is the adsorption capacity of the adsorbent [mg of Ni(II) ion adsorbed/g ACAES] at any time t and k 1 (min -1 ) is the pseudo-first-order rate constant. From the slopes of the plots of , the values of the pseudo-first-order rate constants (k 1 ) were found to be 0.016, 0.012, 0.014, 0.021 and 0.012 min -1 for initial Ni(II) ion concentrations of 10, 20, 30, 40 and 50 mg/ᐉ, respectively. The values of the regression coefficients were found to be in the range 0.855-0.972 (Table 3) , which shows the applicability of the model. However, although the model fits the experimental data well over the first 60 min, after this time the data deviated from the Lagergren model. Hence, this model only accurately represents the initial stage of the adsorption process, where the rate is found to be rapid. A similar kind of trend was observed by Ho and McKay (1998) for the adsorption of Basic dyes onto peat particles. Hence, the use of the Lagergren model for the entire process of Ni(II) adsorption onto ACAES is inappropriate and, consequently, the kinetic data were also examined using the pseudosecond-order kinetic model (Ho and McKay 1999) which may be expressed as:
On integration of this equation employing the boundary conditions q = 0 to q = q t at t = 0 to t = t, we have:
where k 2 [g/(mg min)] is the pseudo-second-order rate constant, determined from the plot of t/q t versus t as shown in Figure 4(b) . The initial sorption rates are given by: h = k 2 q 2 e (10)
It may be observed from the figure that the value of the pseudo-second-order rate constant, k 2 , decreased as the initial effluent concentration increased and that the initial sorption rate, h, increased for initial effluent concentrations of 10, 20 and 30 mg/ᐉ but, thereafter, decreased for initial effluent concentrations of 40 mg/ᐉ and 50 mg/ᐉ (see data in Table 3 ). This is due to the fact that ACAES is more efficient up to an initial effluent Ni(II) ion concentration of 30 mg/ᐉ, but that above this Ni(II) ion concentration, a mass-transfer resistance was offered by the excess Ni(II) ions in the effluent. Such competition between like ions hinders their movement to adsorption sites, leading to a decrease in the initial sorption rate. The values of the regression coefficient were found to be greater than 0.990, 0.992, 0.993, 0.993 and 0.969 for initial Ni(II) ion concentrations of 10, 20, 30, 40 and 50 mg/ᐉ, respectively. Hence, this model can be applied for the entire adsorption process and confirms the chemisorption of Ni(II) ions onto ACAES.
Adsorption mechanism
Prediction of the rate-limiting step is an important factor to be considered in any adsorption process (Ajmal et al. 2000; Özer et al. 2004) . Transfer of the solute in a solid-liquid sorption process is usually effected by external mass transfer (boundary layer diffusion) or by intra-particle diffusion or by both. The mechanism of adsorption involves transport of the solute from the bulk solution through a liquid film to the exterior surface of the adsorbent. After this, the solute may be transported within the pores of the adsorbent or adsorbed on the exterior surface of the adsorbent. The equilibrium reaction is the final step in the process and is very rapid. The slowest step determines the rate-controlling parameter in the adsorption process and may involve both intra-particle and film diffusion mechanisms. Thus, the adsorption of Ni(II) ions onto ACAES was controlled by film diffusion in the early stages and later by particle diffusion. By employing an intra-particle diffusion plot to fit the experimental data, it is possible to identify the mechanism involved in the adsorption process. The intra-particle diffusion coefficient, K id , is given by the relationship:
In the diffusion plot of Figure 5 , the initial curved portion relates to boundary layer diffusion while the latter linear portion represents intra-particle diffusion. The existence of these two regions suggests that the adsorption process proceeded by surface sorption and pore diffusion. From the slope of the second linear portion of the plot, the intra-particle diffusion parameter, K id , was found to increase over the range 0.220-0.803 mg/(g min 0.5 ) as the initial Ni(II) ion concentration increased from 10 mg/ᐉ to 50 mg/ᐉ. The boundary layer effect, depicted by the surface sorption factor S [mg Ni(II) ion/g ACAES], corresponds to the intercept of the diffusion plot. A large value for this intercept indicates an enhanced contribution from surface sorption in the adsorption process. In these studies, the surface sorption factor was found to increase as the initial Ni(II) ion concentration increased from 10 mg/ᐉ to 30 mg/ᐉ, but decreased at higher initial concentrations. This indicates that surface sorption was the predominant rate-controlling step in the process at initial Ni(II) ion concentrations up to 30 mg/ᐉ. However, at higher initial Ni(II) ion concentrations, the adsorption process was governed by pore diffusion, since the values of the intra-particle diffusion parameter increased irrespective of the increase in the initial Ni(II) ion concentration. The values of the intra-particle diffusion coefficient and the surface sorption factor are listed in Table 3 for all initial Ni(II) ion concentrations in the range 10-50 mg/ᐉ.
Further analyses of the adsorption kinetic data were made employing the method of Reichenberg (1953) in order to determine the effect of the initial Ni(II) ion concentration on the rate-determining step. If it is assumed that the adsorbent particle is a sphere of radius a and that the entire diffusion process is governed by Fick's law, the relationship between the amount of Ni(II) ions adsorbed and time may be written as:
where F is the fractional attainment of equilibrium at time t, D is the particle diffusion coefficient (cm 2 /s), D eff is the effective diffusion coefficient (cm 2 /s) while B may be defined by the relationship:
Whether film diffusion or particle diffusion controls the adsorption process may be distinguished by plotting Bt versus t [ Figure 6 (a)]. At low concentration, the plot passes through the origin implying that particle diffusion was the rate-controlling parameter at this stage. However, at higher concentration, the plot of Bt versus t moves away from the origin implying that film diffusion is now the rate-controlling process. The values of the effective diffusion coefficients for different initial Ni(II) ion concentration were found from the slopes of the Bt versus t plots. For longer adsorption times, equation (10) reduces to: McKay plots of log(1 -F) versus t at different initial Ni(II) ion concentrations are shown in Figure 6 (b). These allowed the rate-controlling mechanism to be analyzed for different initial Ni(II) ion concentrations. At 50 mg/ᐉ, the plot was linear, indicating that the adsorption process was entirely controlled by film diffusion. In contrast, at low concentration, the data points in the plots were scattered, indicating that particle diffusion was the rate-controlling step. Thus, the treatment of Ni(II) ion-containing wastes with activated carbon prepared from Anas platyrhyncha egg shell was found to be complex and followed both surface adsorption and particle diffusion as revealed by studies of the adsorption mechanism.
CONCLUSIONS
The optimum values for the variables tested over the selected initial Ni(II) ion concentration range were found to be a Ni(II) ion concentration of 30 mg/ᐉ, a pH value of 6, an ACAES dosage of 0.6 g/150 mᐉ and a temperature of 30 o C. The experimental data have been employed to demonstrate the strategies for enhancing the adsorption process and analyzing the factors that affect the adsorption of Ni(II) ions using activated carbon prepared from Anas platyrhyncha egg shell. Results from the CCD model experiments showed the significant role played by the initial Ni(II) ion concentration, the pH and the temperature in determining the concentration of Ni(II) ion adsorbed during the adsorption process. The pH employed for the solution during the adsorption process had a strong positive linear effect on the response. The adsorption percentage of 88.05% predicted by the CCD model agreed well with the experimental value of 92.60%. This indicates that the model was capable of providing an adequate prediction of the adsorption percentage. Furthermore, kinetic studies revealed the effectiveness of activated carbon prepared from Anas platyrhyncha egg shell for the adsorption of Ni(II) ions. The adsorption process followed the pseudo-second-order kinetic model and was found to be controlled by film and intra-particle diffusion phenomena.
